conditions, "XOR" gates = "OR" gates -"AND" gates; see [26] for an early characterization of multisensory and Methods). Thus, given the pattern of behavioral responses, trials can be divided into bins according to 85 whether the animal was in an aware and unaware state (see Methods).
87
Firing Rates in S1 and vPM neurons
89
Regarding the basic characterization of multisensory neurons in S1 and vPM, firing rates demonstrate 1) a 
22 23
Multisensory Characteristics of S1 and vPM neurons
25
Following the observation that neural responses to stimulus presentation were most robust during the 500 ms 8 unisensory responses (i.e., relative to the additive prediction; Supra-Additivity Index), and 2) relative to the unisensory responses is said to be supra-additive (see A), while if it's greater than the greatest unisensory response it's 40 considered to demonstrate multisensory enhancement (see B). A and B illustrate firing rates above a spontaneous rate
41
(baseline-correction from -500 to 0ms; y-axis = 0). The distribution of supra-additive indices (left column) and 42 enhancement indices (see Methods for detail) were normally distributed both in S1 (C and D) and vPM (E and F),
43
regardless of whether the animals were aware (black) or unaware (gray).
45
From the 293 single units recorded in S1, when the animals were aware 2 had a supra-additive index above 1
46
(supra-additivity index = 1.23 and 1.01, former depicted in Figure 2a ), while another 2 (different neurons) had interaction between these variables (p=0.09). These results highlight that the frequency and magnitude of responses are considered -and enhancement indices -where only the maximal unisensory response is 76 compared to the multisensory response -may provide very different views into integrative capacity. Further,
77
the findings indicate a highly heterogeneous population. Taking the example of the enhancement indexes in 78 S1 (from which a representative multisensory integrative pool may be drawn, N=100, vs. N=29 in vPM) this 79 metric indicates no overall change in the amount of integration at a population-level and across states of
80
consciousness, yet examination of the classification of particular neurons reveals dramatic differences; shifting 81 from 100 to 55 neurons in S1, only 25 of which were classified as integrating information both in aware and 82 unaware states.
84
Fortunately within the current context aimed at examining theories of consciousness (e.g., IIT) we can leverage responsive. If they responded to both tactile (T) and auditory (A) stimulation, they were considered convergent (black). On 02 the other hand, if they responded solely to T or A stimulation, they were respectively labeled as tactile (blue) and auditory
03
(red). Right column; Differently from the case of convergence, in order to characterize a neuron as integrative, their 04 response profile to audio-tactile (AT) stimulation had to be examined. First, neurons were classified as responsive or not
05
(white; as above). Next, if the neuron was responsive to AT stimulation (defined as above) we queried whether during 06 some epoch between 0ms and 1000ms post-stimuli onset their firing rate to AT stimulation was greater than the sum of A
07
and T firing rates (supra-additivity; orange) or the maximum of A and T firing rates (enhancement; purple). Lastly, if a 08 neuron was responsive to AT stimulation but responded less to AT than to unisensory stimulation, the neuron was
09
classified as demonstrating multisensory depression (green). Lastly, if they neuron did not respond to AT or A stimulation,
10
but did to T, it was labeled as tactile (blue), while if a neuron did not respond to AT or T, but did to A, it was labeled as 11 auditory (red).
13 14
Importantly, in order to examine how this categorization is changed when animals are rendered unconscious
15
(Prediction #1) and to quantify the extent to which they exhibit properties of consciousness (Prediction #2 
31
neurophysiological prediction that may be derived from the IIT is that network structured around an integrative
32
neuron should lead to a greater degree of consciousness than one structured around a convergent neuron
33
(see SI and Introduction). Hence, as an organism is rendered unconscious, the prediction is that integrative 34 neurons should be most impacted.
36
As illustrated in Figure 4a , while a significant portion of S1 neurons labeled as convergent when the monkey 37 was conscious became responsive exclusively to touch (42.1%) following loss of consciousness, others were 38 rendered non-responsive (24.1%) or transitioned to responding exclusively to auditory stimulation (2.5%).
39
31.0% of neurons remained responsive to both auditory and tactile stimulation following loss of consciousness.
40
On the other hand, of S1 neurons labeled as integrative when the animal was conscious, nearly two-thirds 
45
Thus, and in contrast to the prediction derived from IIT, convergent neurons were more impacted when 46 monkeys became unaware. It must be noted that this occurred despite the fact that arguably the requirements 13 for being classified as "integrative" (i.e., responding to AT stimuli beyond their spontaneous and responding to
48
AT stimuli beyond the maximal unisensory response) was more stringent than the bar required for a neuron to 49 be classified as "convergent" (i.e., responding to A and T stimuli beyond their spontaneous firing rate).
51
We further examined whether these anesthesia-induced changes in neuronal responsiveness scaled with the 52 degree to which neurons may be considered to be integrative. 
03
show interval of evoked reduction in complexity, see SI for detail). These general properties of LZ complexity
04
were next indexed in convergent and integrative neurons. As depicted in Figure 5B, 
87
Overall, the results suggest that consciousness is marked by a reduced degree of noise correlations, and that 
07
To test this prediction we define a response threshold as exceeding spontaneous firing by two standard 08 deviations (see Methods), and then calculate the percentage of trials that result in significant firing in S1, vPM,
09
or both S1 and vPM, as a function of consciousness and sensory stimulation type. This approach yields 10 relatively small percentages of trials catalogued as "active", which is to be expected given Poisson firing (i.e.,
11
the fact that on most trials the firing rates of most neurons change modestly, with relatively few neurons driving 12 global population changes [33]), the high threshold set for labeling a trial as "active", and the requirement for 13 near concurrent firing. This approach, in other words, is statistically conservative. As highlighted in Figure 7 14 (leftmost panel), results revealed that when animals were conscious, during combined AT stimulation, both S1
15 and vPM were concurrently active on 1.17% of trials (labeled "Concurrent Activation" examining the number of trials that resulted in the independent activation of S1 and vPM (see SI for detail).
24
Thus, in S1, 13.2% of AT trials resulted in significant firing when monkeys were conscious, a number that was vs. A, p=1.28e-8; A vs. N, p=0.68). In vPM, interestingly, the main effect of trial type in the conscious condition 27 (see SI) resulted from AT, T, and A all being different from N trials (all p<5.0e-20), as well as from vPM firing 28 being most likely due to A stimulation (M=8.4%) than to AT (M=7.4%) or T (M=7.5%) stimulation (all p<2.3e-5).
29
That is, activation of vPM was more probable due to A stimulation than T or AT stimulation -a stipulation that
30
was not true (in fact opposite) in S1 or when examining co-activation of S1 and vPM. This finding pinpoints that 31 auditory information must arrive to vPM via a route that is not the same as how tactile information arrives in 32 vPM (e.g., via S1), a finding that makes a great deal of sense since vPM is known to be part of the auditory
33
"what" or ventral pathway [49] . 
50
Thus, the overall pattern of results incorporating all cells recorded illustrate that when monkeys were conscious sensory and "associative" areas than when animals were unconscious. The finding is in line with the GNW 53 theory, but may represent a trivial result given that a larger number of trials also show exclusive activation in 54 S1 or vPM when the animals were conscious. Hence, for pure probabilistic reasons, co-activation of S1 and 55 vPM would be more likely under conscious than unconscious conditions. To address this concern, in a second 56 step of analysis, we multiplied the likelihood of observing activation in S1 by the likelihood of observing 57 activation in vPM and contrasted this predicted value to that observed (for both conscious and unconscious 58 conditions). As shown in Figure 8 , results demonstrated that in both the aware (M=0.49%, one-sample t-test to 59 zero, p=2.79e-22) and unaware (M=0.08%, one-sample t-test to zero, p = 2.95e-13) cases, co-activation of S1 
61
More importantly, the degree to which co-activation exceeded this prediction was greater under conscious
62
conditions than under unconscious conditions (t=6.2, p=6.41e-10).
64
Lastly, as the previous results (Figures 5, 6 ; testing the IIT) had suggested that convergent neurons exhibited properties of consciousness to a greater degree than integrative ones, we sought to determine whether this 66 was also true for these co-activation results. As illustrated in Figure 8 (center and right-most panels) co- 
24
The second theory tested was GNW [7, 8] . In GNW the core concept is that during wakefulness a conscious 25 experience should result in neural ignition -the broadcasting of sensory evidence throughout the brain.
26
Concordant with the basic tenets of GNW, our results suggest that the co-activation of primary sensory areas 27 and higher-order areas on a single trial is more likely under conscious than unconscious conditions.
28
Importantly, the occurrence of this co-activation exceeded the expected values derived from the probability of 29 noting S1 and vPM activations alone. In addition to these co-activation findings, we analyzed firing rates in a 30 time-resolved fashion, which allowed us the opportunity to see whether firing rates to sensory stimulation 31 during consciousness were more sustained than during unconsciousness. activity was a good approximation of the behavior of "nodes" within the IIT. This is far from trivial, as for 74 example, in the IIT formalism nodes are either "on" or "off", yet real neurons can show graded levels of activity.
75
Third, while simultaneously recording from S1 and vPM lends nicely to testing the GNW -given their known 
96

Materials and Methods
98
Animal Model
00
Animals were handled according to the institutional standards of the National Institutes of Health (NIH) and an
01
approved protocol by the institutional animal care and use committee at the Massachusetts General Hospital.
02
Two adult male monkeys (Macaca mulatta, 10 -12 kg) were used.
04
Behavioral Task and Experimental Procedure
06
The animals were trained in a behavioral task wherein following the onset of a start tone (1000 Hz, 100 ms,
07
see Figure 9A , first row) they were required to initiate each trial by holding down a button with their hand 08 ipsilateral to the recording hemisphere. In order to successfully launch a trial (before loss of consciousness),
09
the animals were required to hold the button within 1.5 seconds of the trial onset tone ( Figure 9A , second row).
Then, following button press, within a uniform random delay between 1 and 3 seconds ( 
16
were pure tones at 4000 Hz and at 80 dB SPL generated by a computer and delivered using two speakers 40 cm from the animal. Audiotactile (AT) trials were simply the joint and simultaneous presentation of A and T sets were presented randomly to the animal regardless of their behavioral response throughout the recording attempt (early release, late touch, or no release of the button), or no response (Fig. 1C) . Loss of 28 consciousness was defined as the first no-response trial that was consistently followed by a lack of responses 29 for the rest of anesthesia (see Figure 9B for an exemplar session where the cumulative sum of trials
30
categorized as correct responses raises quickly initially and then saturates, while the cumulative sum of trials
31
categorized as no-response is initially stagnant at zero and subsequently raises rapidly following approximately were required to press a button within 1.5 seconds following a start tone. Subsequently, following a random delay between 1 and 3 seconds post button press (dashed blue area) they were presented with a sensory stimulus (audiotactile, onset, if the monkey was still holding the button, it was given a liquid reward and allowed to stop pressing the button. The 41 trial depicted is a correct response trial, but a trial could also be categorized as failed response (e.g., released the button 42 too soon) or a no-response trial (e.g., the monkey never executed button press). B) Cumulative sum of trial categories
43
(leftmost; light gray = correct response; center, dark gray = failed response; rightmost, black = no response). Initially all 44 trials are correct, but as propofol is administered, the animal falls unconscious and does not execute the button press.
45
Unawareness is defined as the period between the first no-response trial that is consistently followed by a lack of 46 responses for the rest of anesthesia. C) A schematic of a monkey brain depicting areas S1 and vPM, where neurons were recorded and example raster plots from a neuron in S1. Responses during an aware period are depicted on the top row,
48
while the bottom row illustrates activity during unawareness. The first column shows audiotactile trials, the second
49
illustrates tactile trials, the third shows audio trials, and the last column shows spiking activity during trials with no sensory 50 stimuli. On the x-axis is time (in seconds, centered at stimuli onset) and on the y-axis is trial number.
52
Anesthesia
54
Thirty minutes after initiating each recording session, propofol was infused for 60 minutes at a fixed rate (200 
Neurophysiology Data Recording and Preprocessing
63
Before starting the study, a titanium head post was surgically implanted on each of the two animals. A vascular 64 access port was equally surgically implanted in the internal jugular vein (Model CP6; Access Technologies).
Once the animals had mastered the behavioral task described above, extracellular microelectrode arrays 66 (Floating Microelectrode Arrays; MicroProbes) were implanted into S1 and vPM through a craniotomy (see Figure 9C ). Microelectrodes were also implanted in S2, but due to insufficient recorded neurons caused by a 68 technical malfunction, here we focus our report on recordings from S1 and vPM. Each array (1.95x2.50 mm) 
74
All experiments were conducted in a radio frequency shielded recording enclosure.
76
Neural activity was recorded continuously and simultaneously from S1 and vPM through the microelectrode 77 arrays while the animals were performing the behavioral task. Analog data were amplified, band-pass filtered 78 between 0.5 and 8 kHz, and sampled at 40 kHz (OmniPlex; Plexon). The spiking activity (see Figure (9C 
81
were sorted using waveform principal component analysis (Offline Sorter; Plexon) and binned into 1 ms bins, effectively rendering the sampling rate 1kHz.
Neurophysiology Data Analyses
86
Firing Rate and Fano Factor function of stimulus modality as it is well-established that mean firing rates alone do not fully characterize the stimuli onset. Subsequently spike counts were effectuated within a 100ms window, between -500ms and 1000ms, and in steps of 10ms. It must be noted that this analysis essentially low-passes time, and hence the 94 exact timing of reported effects should not be emphasized. Analyses of firing rates were conducted both on 
05
samples analysis of variance (ANOVA). As spiking rates were not normally distributed (i.e., presence of a true 06 floor, in that negative spikes are not possible), the ANOVAs for non-baseline corrected rates were conducted 07 on log-transformed data. On the other hand, the subtraction of evoked activity to baseline activity did yield 08 normal distributions, and hence this data is analyzed without log-transform. The inter-dependence of 09 observations is difficult to ascertain within a neural network composed of neurons whose precise connections 10 are unknown, and thus independent as opposed to dependent ANOVAs were conducted in order to adopt the 11 most conservative approach (i.e., within-samples ANOVAs are statistically stronger than between-samples 12 analyses). Similarly, in order to protect against Type I error (i.e., false positives) significant effects were only 13 considered at α < 0.01 for at least 3 consecutive windows (i.e., 30 time-points; see [44] , for a similar approach stimuli modalities, and brain areas, fano factors (i.e., ratio of spike-count variance to spike-count mean) were and network-level properties [63] . Conveniently the neuron-specific variance is largely consiered to be well 21 accounted by a Poisson point process (i.e., mean and variance scale), and hence a fano factor of 1 [33, 64] .
Fano factors in excess of 1, thus, may be considered to index variability that is associated with network-level
23
properties and this variability is typically reduced at stimuli onset. Here, therefore, we report time-resolved fano 24 factor both corrected for baseline (in order to examine putative network-level decreases in inter-trial variability 25 as a function of stimuli onset, awareness state and sensory modality), and not corrected for baseline (in order
26
to assess basal cell-specific and network level inter-trial variability as a function of awareness state). Statistical 27 analysis is conducted as described above for firing rates.
29
Neural Index of Multisensory Integration
31
The hallmark for multisensory integration at the single unit level is an evoked response to multisensory stimuli 32 (e.g., AT) that may not be linearly predicted by responses to the constituent unisensory stimuli (e.g., A and T;
33
[73]. Thus, given the time-resolved results demonstrating sustained activity to sensory stimulation until 34 approximately 500ms post-stimuli onset, mean spike counts to AT, T, A, and N trials were executed within this 35 time period (see [34] , for a similar approach). Subsequently, the i) supra-additivity and ii) enhancement index 36 of each neuron was computed (according to Eq. 1 and Eq. 2, respectively). Historically, supra-additivity -the 37 degree to which a multisensory response exceeds the sum of unisensory responses (Eq. 1) -was considered 38 the clearest indication of multisensory facilitation); nonetheless this feature is not as prominent in cortex as it is 39 in sub-cortex [39, 73] . Thus, we supplement the supra-additivity index with the enhancement index -the 40 degree to which a multisensory response is greater than the maximal response to unisensory stimuli (see Eq.
41
2). An enhancement index above 1 indicates a neuron that is further driven by multisensory than unisensory neurons preferentially), and ii) neurons that integrate information exhibit the properties of consciousness when 59 the organism is conscious. To test these predictions, we divide our population of neurons into those that 60 integrate vs. converge (Figure 4 and beyond) . However, initially we simply describe the proportion of neurons 61 that fit within each category ( Figure 5 ) in a non-mutually exclusive fashion. A neuron that converges 62 information is defined as a neuron that on average (i.e., across trials) responds -spike count from 0 to 500ms
63
-to both unisensory auditory and tactile information beyond its baseline firing rate (-500ms to 0ms) plus 2 64 standard deviations. That is, in order to qualify as convergent, the spiking count of a neuron to AT stimulation does not need to be examined. On the other hand, a neuron that integrates information is defined as a neuron 66 that is most readily driven by the simultaneous presence of A and T information. Thus, neurons that respond to
67
AT stimulation (as defined above) and do so to a greater degree than their maximal unisensory response (i.e., 
17
(see [43, 44] , for a similar approach). Statistical analysis largely followed that of firing rates and fano factors,
18
which exception that data were never log-transformed as they were normally distributed. Analysis was 
42
The GNW model points to the late amplification of relevant sensory activity, long-distance cortico-cortical 43 synchronization at beta and gamma frequencies, and ignition of large-scale fronto-parietal networks as neural 44 measures of consciousness [8] . To test this prediction, we query at the single trial level whether sensory 45 stimulation leads to co-activation of both primary sensory areas (i.e., S1) and frontal regions (i.e., vPM) more 46 commonly during conscious than unconscious states. For each neuron (both in S1 and vPM) we specify a threshold benchmarking reliable neural activity as the average spike count between -500 and 0 ms post-stimuli 48 onset plus 2 standard deviations. Similarly, the neural response is considered to be the spike-count between 0
49
and 500 post-stimuli onset. Then, iteratively we pick a neuron from S1 and a neuron from vPM and query
50
whether on a particular trial did neither area respond, did solely S1 respond, did solely vPM respond, or did 51 both S1 and vPM respond. A particular S1 neuron is subsequently paired with all neurons in vPM recorded 52 during the same session, and finally it's mean activation patterns (e.g., S1 and vPM active, vPM active, S1 27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80 system with an XOR gate. Under this scenario, if is currently active, then at time -1 by necessity either A 88 was active, B was active, A and C were active, or B and C were active ( Figure S1 , left panel). The probability 89 distribution of past states that could have been causes of = 1 is its cause repertoire information. That is, information generated by the system above and beyond that generated by its constituent 06 parts. Hence, the system as a whole is iteratively partitioned into all possible subsystems or purviews and the 07 process delineated above is evaluated for each of these components. Similar to CEI, integrated information is 08 calculated as the between the cause-effect repertoire specified by the system as a whole and the cause-
09
effect repertoire of the partitioned system. Φ is the distance between the system as a whole and the system-partitioned that makes the least difference; the minimum information partition. That is, Φ is the degree to which 11 the cause effect repertoire for the system as a whole differs from the next most informative partition. 
07
stimuli onset) and a recording area by stimulus modality interaction (p<0.01, between 50ms and 180ms post-08 stimuli onset). The latter interaction was driven by a main effect of stimuli modality that was sustained in S1
09
(p<0.01, between 50ms and 250ms, as well as 350ms and 540ms post-stimuli onset) and only transient in vPM
10
(p<0.01, between 110 and 140ms post-stimuli onset), while the former is attributable to a rapprochement in FF
11
between consciousness states in S1 and not in vPM. Indeed, this last effect is further appreciable when
12
correcting FFs for baseline ( Figure 1 ) as a further quenching in variability in S1 (vs. vPM) specifically to AT and
13
T sensory stimulation (contrasts between aware and unaware conditions; S1; AT, p<0.01 between 160ms- 
45
Percentage of Trials Evoking Significant Firing in S1 and vPM as a Function of Sensory Modality and
46
Awareness
48
The percentage of trials that resulted in significant firing of S1 neuron was altered by the sensory modality of 
